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SUMMARY 

Low-energy sputteri ng studies were conducted 
with the help of a specialty designed ion accelerator . 
A high-intensity rf ion source was developed for ap- 
plication to relatively low-yield experiments requir- 
ing good energy resolution in the 0 to 8 Jeer energy 
range. This source , used in conjunction with elec- 
trostatic acceleration and focusing , and magnetic 
mass analysis, ha s produced beams of 200 to 500 i ua 
of N F or NY 1 " ions with energy -dispersion half-widths 
of about 20 ev. 

The sputtering yields of five metals (Oil, XI, Fe, 
Mo, and W ) were investigated over the available 
energy range at normal and 4 5 0 incidence. The 
yields obtained are generally similar to those re- 
ported in the literature for different bombarding 
ions; they increase rapidly with energy from a 
threshold below 25 ev and reach a plateau around 3 
kev. Yields at 45° incidence are higher than at 
normal incidence , by about 25 percent for On, and 
by 50 to 100 percent for Ni, Fo, Mo, and W. The 
e ffect of 2 N + ions tends to be smaller than that of an 
NY* ion with the same total kinetic energy at low ener- 
gies, but equal to or greater than the X 2 + effect at high- 
er energies . Significant yields have been detected at 
energies often quoted as threshold or below threshold 
(around 25 ev). 

The data, do not correlate into consistent patterns 
through the use of the principal known parameters 
of the sputtering process: ion-lattice and lattice- 
lattice energy and momentum transfers, heats of 
sublimation, and types of crystal structure. It is 
concluded that the process cannot be described 
adequately as a succession of binary collisions. 

INTRODUCTION 

The erosion of metallic surfaces under positive 
ion bombardment was first detected (over 100 


years ago) in glow discharges, which explains its 
early designation, “cathode sputtering.” Exten- 
sive experimental and theoretical investigations of 
this process were carried out, starting around 1920. 
Studies of cathode sputtering soon tapered off, 
however, and were not vigorously revived until 
around 1950, when interest was kindled anew by 
1 1 1 e emergence of applications outside the vacuum 
tube technology field. The phenomenon then 
came to be more generally denoted simply “sput- 
tering.” The newer questions wore raised as a 
consequence of outer atmosphere and space re- 
search, and they concern the gross, or engineering, 
behavior of surfaces subjected to atomic-size par- 
ticle bombardment in the space environment. 
Indeed, erosion rates in a given environment de- 
termine the useful lifetime of certain critical sur- 
faces; thin films may altogether disappear, or de- 
sired optical and radiative properties may be 
severely altered. In addition, an interesting re- 
cent development has been a return of attention 
to cathode sputtering as such, in connection with 
studies of ion propulsion devices — again because 
of the useful lifetime problem. 

All bombarding particles and target materials 
are of theoretical interest, as the physical proc- 
esses involved in sputtering are not well under- 
stood; differences in behavior between (lie many 
possible particle-target combinations should yield 
useful dues and must , of course, be accounted for 
by proposed theories. An understanding of 
sputtering would also shed light, on an important- 
associated problem, that, of predicting the modes 
of reflection of the impinging particles or their 
accommodation coefficients. 

The particles and associated bombarding ener- 
gies of immediate engineering interest arc the ions 
used in propulsion devices, at kev energies; the 

l 
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particles of the earth's and other planets' atmos- 
pheres, impinging on vehicle structures with 
energies of a few cv (corresponding to their 
velocity relative to the vehicle); and interplane- 
tary or interstellar particles with energies ranging 
up to billions of electron-volts. The higher 
energy particles do not, however, contribute to 
sputtering; as their kinetic energies become higher, 
the bombarding particles penetrate deeper into 
the target material and their effect shifts from 
sputtering to radiation damage. The number of 
target atoms ejected per incident particle, known 
as the sputtering ratio or yield, rises from very 
low values at electron-volt energies, reaches a 
plateau at a few kev, then diminishes again as 
effects of bombardment become internal to the 
target. The energies at the turning points depend 
on the bombarding particle size, as this determines 
penetrating ability (compare, c.g., A+, He + , and 
D+ data in ref. 1). Practically, then, the energy 
range of interest for sputtering by all particles is 
from a few ev up to about 200 kev. 

All the early experimental studies were per- 
formed in glow discharges of noble gases. The 
large bombarding current densities so obtainable 
arc a significant advantage in producing measur- 
able effects in reasonable lengths of time. In 
addition, the ion bombardment rate can usually 
be made large compared to the bombardment rate 
of residual gases, so that the target surfaces can 
be considered relatively clean. The background 
pressures, however, are of the order of 10 3 mm 
Ilg or more, in which region there exist problems 
of (a) scattering of the incident ions (noncontrol 
of angle of Incidence), (b) charge exchange and 
neutral bombardment (loss of knowledge of total 
bombarding rate), and (e) back-scatter of sput- 
tered atoms to the target. Further disadvantages 
of glow discharges are: secondary electron emis- 
sion from the target is difficult to suppress, so 
that an additional uncertainty in bombarding 
rate is introduced; mass analysis of the incident 
beam is not possible, so that the method is effec- 
tively limited to bombarding ions of monatomic 
elements; and the bombarding energy is difficult 
to control and measure. Some of these limita- 
tions can be at least partially circumvented, and 
particularly ingenious techniques have been de- 
vised in the last decade by Weliner, who has used 
principally mercury ions (see ref. 2, in which 


Wehner gives a comprehensive review of sput- 
tering studies to 1955). 

More recent experimental work lias shown a 
trend toward ion-beam techniques, using accel- 
erators and mass separators in which the beam 
energy, composition, and angle of incidence can 
easily be controlled, secondary electrons can be 
suppressed, and high vacua can be maintained. 
Large beam intensities with good energy resolution 
arc, however, hard to obtain at low energies, so 
that work lias generally been done from a few kev 
up (refs. 1, 3, 4, 5, and (_>)• At lower energies, some 
data have been obtained by using detection tech- 
niques dependent on unusual target material 
properties (such as surface ionization or radio- 
activity) and hence these techniques arc of limited 
applicability (refs. 3, 5, and 7). Finally, con- 
siderable additional and increasingly refined work 
has been performed by Wehner and Lis co- 
workers (refs. 8 through 14) in glow discharges, 
yielding data at low energies for noble gas and 
mercury ions bombarding many metallic surfaces 
and the semiconductor germanium. 

Two basic concepts were early set forth in 
building theories of sputtering (sec Welmcr's 
review article, ref. 2): momentum exchange be- 
tween the incident and the lattice particles, and 
local dissipation of the incident energy leading 
to surface evaporation. Later theories have 
essentially refined the basic ideas hy introducing 
the statistics of many collision processes and the 
lattice constants of the target materials. Ivey- 
well (ref. 15) and, with additional attention to 
individual collision details, Harrison (refs. 1C and 
17) have introduced parameters and used mathe- 
matical formulations which arc analogous to those 
of the theory of neutron diffusion and cooling in 
solids. Ilcnschkc (ref. 18) and Langbcrg (ref. 19) 
proposed a series of binary collisions in which 
energy dissipated in the lattice is taken into 
account. Henschke uses the elementary concept 
of a "coefficient of restitution,” while Langbcrg 
uses a more sophisticated model for the inter- 
actions and allows rebounding lattice atoms as 
well as the incident particle to contribute to the 
sputtering. Presently available data are not 
sufficiently detailed and accurate to differentiate 
between competing theories. It is generally 
expected, however, that energy and diffusion con- 
cepts will be more valid at high energies, while 
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momentum and binary collision concepts may 
explain low energy sputtering. 

The theoretical interest, together with the 
immediate space research application, prompted 
the investigation, at the Ames Research Center, 
of the possibility of extending ion accelerator 
techniques to low energies. A suitable ion source 
and accelerator system were developed and con- 
structed for Ames by the Stanford Research 
Institute under the direction of Drs. C. J. Cook, 
J. R. Peterson, and O. Heinz. The apparatus, 
as modified at Ames for improved performance, is 
presently yielding 100 to 500 /x a of analyzed 
positive ion beam on a 1 cm 2 target area with 
good energy resolution down to about 250 ev. 

The construction, performance, and probable 
limitations of the Ames low-energy ion accelerator 
will be discussed in the next section of this report. 
We shall then present the sputtering yield curves 
obtained to date with separated and N + 


beams and discuss their probable significance and 
implications. 

APPARATUS AND PROCEDURE 

THE 8-KV ACCELERATOR 

A general view of the S-kv ion accelerator used 
for the studies herein reported is shown in figure 
1, and schematic diagrams are given in figures 2 
and 3. The ions arc extracted from an rf source, 
electrostatically focused into a 90° magnetic 
analyzer, then electrostatically refocused into the 
target chamber. 

The main distinguishing feat ure of the apparatus 
is the ion extraction mechanism. The ions are 
formed by inductively coupling a 25 Mcps electric 
field to a low-pressure (10“ 3 mm ITg) gas which is 
contained in a Pyrcx jug (approximately 2-inch 
diameter by 5-inch height). The jug is mounted 
on an insulated platform, normally maintained at 



Figure 1 . General view of 8 kv ion accelerator. 
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Figure 2. Schematic diagram of 8 kv ion accelerator. 


a dc potential of 3G00 v (see fig. 2). Tlic extrac- 
tion aperture is a 0.375-inch hole in the platform, 
glass-shielded so that only a small metallic rim is 
exposed to the plasma. Tons are then emitted 
from the concave plasma sheath at the first, 
aperture under the influence of the potential drop 
to the grounded second aperture located about 
0.25 inch below the first (fig. 2; see also ref. 20). 


An axial magnetic field is used between the two 
apertures to van' l lie ion density at the sheath 
and immediately below. 

The plasma- itself is thus at a uniform do 
potential. This is in contrast to the more con- 
ventional operation of rf sources, in which a 
probe placed at the top of the jug to collect 
residual electrons subjects the plasma to a dc 


To roughing 
pump 



Figure 3. Schematic diagram of the target assembly. 
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drop, so that (ho ions aro croatod at different 
potential levels. Aperture extraction results in 
a total energy dispersion as low as 10 ev and 
ranging up to 100 ev, depending primarily on rf 
power level. The total beam energy was found 
to be unexpectedly high, ranging from 100 to 300 
ev above the extraction drop. The high plasma 
potential can probably be accounted for by the 
rf acceleration of a small number of plasma elec- 
trons to high energies (ref. 20). No correlation 
was found between excess energy and energy 
dispersion, and a satisactory explanation for the 
observed dispersions has not been found. The 
beam characteristics are, however, reproducible 
for given sets of values of jug pressure, rf power, 
extraction voltage, and extraction magnet current. 

The extracted beam passes through an electro- 
static lens system whose configuration, possibly 
not fully optimized, was determined experimen- 
tally. Tonic species are then separated by a 90° 
magnetic analyzer which is followed by a, second 
electrostatic lens system (fig. 2) and by the target 


assembly (figs. 2, 3, and 4). Separate variable 
±5 kv supplies and micro-ammeters individually 
control and monitor the lens and suppressor 
electrodes. It is thus possible to make sure that 
a negligible amount of beam strikes the electrodes, 
especially those immediately ahead of the target, 
and that proper secondary electron suppression 
is obtained at the target. The suppressor con- 
struction made use of a wire-grid configuration 
(fig. 4) in order to minimize the possibility of 
reflection of sputtered atoms back to the target. 
Hence, sputtering of electrode material onto the 
target and secondary omission from (he suppressor 
to the target can, in general, be held to a negligible 
level. 

Beam energy variation is obtained by changing 
the extraction and target voltages. The correction 
for the excess energy of the source is obtained 
for any given set of operating parameters (source 
pressure, etc.) by making retarding potential 
measurements at the target. A typical plot 



Figure 4. — Photograph showing, from left to right: (I) last focusing stages of electrostatic lens; (2) wire grid secondary 
electron suppressor; and (3) target (mounted at 45° to the beam axis). 
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of target current as a function of target voltage 
relative to extraction voltage is shown in figure 5. 

The energy dispersion in the beam can he 
kept below 40 ev (total width at half maximum, 
see fig. 5) and is nearly symmetrical. Since the 
yield curves are essentially linear over such a 
small range, no correction need be made to the 
yield values on account of dispersion. This is 
not true at beam energies below about 250 ev, 
however, and one must either (a) introduce 
electrostatic beam analysis at a sacrifice in beam 
currents, or (b) determine accurately the energy 
distribution in the beam and correct mathe- 
matically for the fact that the measured yield at 
a given voltage setting is an integrated value. 
Data for copper and nickel were obtained by this 
last technique down to 20 ev at normal incidence. 

Because of extraction characteristics and space 
charge blow-up of the beam, it was found prefer- 
able to keep the extraction aperture between 1 
and 4 kv (typically 3.G kv). The relatively large 
retarding fields needed near the target for ob- 
taining low-energy bombardment then tend to 
introduce an angular spread of the beam, par- 
ticularly when the target plane is not normal to 
the beam. For bombarding energies down to 250 
ev it was found possible to control the beam angle 
of incidence to within ±5° l>y careful focusing. 
Since the suppressor is typically 100 v negative 
with respect to the target, larger angular un- 
certainties are present at beam energies under 
250 ev. 

The source pressure is typically 1X10“ 3 mm 
Hg. Differential pumping at the source and 
pumping behind the target (figs. 2 and 3) keeps 



Target potential relotive to the extraction aperture, volts 

Fioure 5. — Target current as a function of the target, 
potential relative to the extraction aperture. 


the operating pressure below 1X10“ 5 mm Tig 
at the target (beam current ~500 pa). Three 
4-inch oil-diffusion pumps with individual copper 
baffles and liquid nitrogen traps are used. Spec- 
troscopic examinations of the targets failed to 
reveal the presence of surface contaminations, 
in particular hydrocarbons. 

Under conditions controlled as described above, 
the accelerator presently delivers 200 to 500 }i$i 
of N 2 + to a 1 cm 2 spot on the target at energies 
of 250 ev to 8 kev with a total energy dispersion 
of 10 to 40 ev. Corresponding N + currents range 
from 50 to 200 /ua. Preliminary data indicate that 
no significant changes in performance are to be 
expected for operation with other ions. A minor 
exception is that the jug pressure must be kept 
higher for lighter gases (~5X10~ 3 mm ITg for IT 2 ), 
so that additional pumping capacity may have to 
be provided to maintain an adequate vacuum in 
the rest of the system. 

TEST PROCEDURE 

Sputtering yields in atoms per ion were com- 
puted from the measured weight losses of targets 
subjected to a known amount of bombardment. 
Targets were machined in the shape of (or at- 
tached to) 1 -inch-diameter disks, inch thick, 
with a mounting and handling knob on one face 
(fig. 3). Targets were cleaned with ordinary sol- 
vents, such as acetone, and kept in a desiccator 
until mounted, and then quickly introduced into 
the rough -pumping chamber. The 2-inch gate 
valve could be opened and the target pushed into 
position behind t lie suppressor electrode within 
two minutes. This procedure was reversed for 
removing the targets after bombardment. Except 
for the small roughing chamber, all parts of 1 lie 
apparatus could thus be constantly kept under 
high vacuum. 

The t argets were weighed on a Met tier Type 
M5 microbalance after stays of 1 to 4 hours in the 
desiccator (to ensure reproducibility of possible 
adsorptions). Targets were put through the above 
complete procedure, except for bombardment, and 
found to weigh the same before and after to within 
the weighing accuracy of ±5 ng (the balance is 
capable of more accuracy, but this requires a 
degree of air conditioning which was not. available 
at the time of these measurements). The sput- 
tering weight losses typically ranged from 500 to 
2,000 txg, though a few data points were obtained 
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1 

n the 100 to 500 Mg range because of time limita- 
tions (bombardment times ranged from 30 min 
to 4 hrs). The number of atomic layers removed 
ranged from 250 to 23,000. Visible roughening of 
the surfaces occurred, and as one might expect, no 
difference in yield was observed between first run 
and resputtered targets. The surfaces were, how- 
ever, repolished when enough sputtering had oc- 
curred to introduce an uncertainty in macroscopic 
angle of incidence. 

The total charge delivered to the target (0.5 to 4 
coulombs) was measured to ±1 percent by an El 
Dorado Model CT-100 current integrator. The 
instrument calibration was periodically checked 
with standard cells and capacitors, and found 
constant to better than 0.5 percent. 

RESULTS 
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Figure 7. Sputtering yields of copper and nickel bom- 
barded by N + and by ions at energies below 900 
ev; normal incidence. 


A sputtering yield curve for Cu bombarded 
at normal incidence by ions (fig. G) was ob- 
tained to offer a comparison with available data 
from other observers (including representative 
early data, refs. 21 and 22). This seemed desir- 
able since no data were found for such a com- 
parison for nitrogen-ion bombardment. 

A special effort was made to obtain data for 
copper and nickel at very low bombarding ener- 
gies. Results for normally incident N 2 + and X + 
ions with 20 to 900 ev are given in figure 7. The 
data have been corrected for energy dispersion 
in the beam with the help of retarding potential 
curves (fig. 5). Yields are still appreciable, of 
the order of 0.1 atom/ion, at 25 ev. 

The values obtained for the sputtering yields 
of Cu, Xi, Fe, Mo, and W arc given graphically 
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Figure 6. — Sputtering yield of copper bombarded by 
A f ions as a function of ion energy; normal incidence. 


as a function of bombarding energy (250 ev to 
S kev), bombarding ion (X 2 + and X + ), and angle 
of incidence (normal and 45°) in figures 8 through 
12. The yields increase rapidly with energy 
from a low value around 25 ev and tend to level 
off above 3 kev. Yields at 45° incidence arc 
higher than at normal incidence, by about 25 
percent for Cu, and by 50 to 100 percent for Ni, 
Fe, Mo, and W. The effect of 2 N+ ions tends 
to be smaller than that of an X 2 + ion with the same 
total kinetic energy at low energies, but equal to 
or greater 1 (ban the X 2 + effect at higher energies 
(figs. 13 and 14). 

Sputtering yields were found to be about 10 
percent higher at a target chamber pressure of 
6 X 3 0~ r> than at 6X 10“ 5 mm Tfg. Xo dependence 
of yields on target temperature was found be- 
tween 40° and 120° C, except for a drop of about 
20 percent in Fe yields between S0° and 40° C. 

DISCUSSION 
principal yield curves 

Comparison with other data. — Our results for 
copper are plotted in figures 7 and 8 together with 
the data obtained in Amsterdam by Rol, Fluit, 
and Kistemaker (ref. 4) where the energy ranges 
overlap. The discrepancy between these two 
sets of data is outside our probable experimental 
error, and for argon bombardment a discrepanc} 7 
of the same magnitude exists between the Amster- 
dam results and ours (fig. 6). The Cu-A + yields 
which were obtained at Oak Ridge by Yonts, 
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Normand, and Harrison (ref. 1) agree very closely 
with ours (fig. 6). The Oak Ridge group noted 
the discrepancy with t lie .Amsterdam results and 
attributed it to a pressure dependence of sputter- 
ing; in effect they surmised that the vacuum in 
the Amsterdam isotope separator was not as high 
as that obtainable in the Oak Ridge calutron. 
Our own evidence tends to support this view, as 
will be shown later in the discussion of pressure 
effects. Similar conclusions can be readied in 
regard to the yield values obtained by Pitkin, 
MacGregor, Ralemme and Pierce (ref. 6) in 
the 10 to 40 kev range; their values were obtained 
at test chamber pressures above 10 -3 mm Hg, 
and are low compared to the Oak Ridge values 
obtained at pressures of about 4X1 0“ 5 mm ITg. 

Cu and Ni yields. — Copper and nicked both 
have face-centered cubic lattices, and their atomic 
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(a) Cu — N 4- 

(b) Cu-N s + 

Figure 8. Sputtering yield of copper bombarded by N + 
and by NX ions as a function of ion energy; normal and 
45° incidences. 


weights arc similar (Cu, 63.54; Ni, 58.71). The 
energy-transfer characteristics from the ion to the 
lattice and within the lattice are thus expected 
to be similar for any simple mechanical model, 
and the yield curves should exhibit similar char- 
acteristics. For example, the slight downward 
trend of the normal incidence Cu-N -1- yield above 
about 6 kev (fig. 8(a)) is also observed for Ni-N + 
(fig. 9(a)). Many inconsistencies between the 
data and predictions of mechanical models are 
present, however, and will be made apparent in 
further discussion. 

The generally higher sputtering rate of copper 
can be qualitatively accounted for by its lower 
atomic heat of sublimation (Cu, 3.557 cv; Ni, 
4.413 ev). Preliminary measurements indicate, 
however, that aluminum, also an fee metal, lias a 
lower spud eiing rate than either nickel or copper 



(a) Ni-N+ 

(b) Ni — Nh 

FinriiE 0. Sputtering yield of nickel bombarded by 
and by Nh ions as a function of ion energy; normal and 
45° incidences. 
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in spite of its lower atomic heat, of sublimation, 
3.252 ov. The relative importance of the incident 
particle and of displaced lattice particles in the 
sputtering process has not been definitely estab- 
lished, but it is worth noting that the mechanical 
ion-lattice energy transfer is more efficient from 
nitrogen to aluminum (at. wt. 26.08) than to 
copper or nickel. Note also that aluminum has a 
relatively low sputtering yield under Hg + bom- 
bardment (ref. 9), in which case the ion-lattice 
energy transfer isless efficient than that for Cu-IIg + 
or Ni IIg + . 

Comparison of normal and 45° yields. — An 

important inconsistency with the anticipated 
similarity between Cu and Xi yield curves is the 
following. The 45° Cu yields arc consistently 20 
to 30 percent above those at normal incidence, 
while the difference between 45° and normal inci- 
dence Ni yields increases noticeably with energy, 
reaching about 110 percent of the normal yield 



o 



(a) Fe — N + 

(b) Fc— NV 

Figure 10. Sputtering yield of iron bombarded by N h 
and by N 2 + ions as a function of ion energy; normal and 
45° incidences. 


at 8 kev. For TTg + bombardment (ref. 12), gener- 
ally smaller angular dependencies have also been 
found for Cu and the noble metals, Ag, Pt, and 
Au, than for Ni (all these metals are fee). This is 
not presently understood: One might expect the 
electronic configuration of the target atoms to 
affect the sputtering rates, but not to affect the 
dependence of these rates on the angle of incidence 
of the bombarding ion. This latter effect should 
depend primarily on the geometric parameters, 
crystal structure and crystal orientation (random, 
in the experiments reported). 

The yield curves of the body-centered cubic 
metals, iron, molybdenum, and tungsten, are 
shown in figures 10 through 12. The 45° yields 
are 100 to 125 percent higher than those at normal 
incidence for Fe-X 2 + and Mo-N 2 + , and 50 to 75 
percent for W-X 2 + . Similar numbers for N + 
bombardment are not as high: 30 to 50 percent 
for Fe-N + and W X+, and 80 to 100 percent for 
Mo-N + . Well nor, using I!g + bombardment (ref. 



(a) Mo-N + 

(b) Mo — N 2 + 

Figure 11. Sputtering yield of molybdenum bombarded 
by N + and by NM ions as a function of ion energy; 
normal and 45° incidences. 
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(a) W X+ 

(b) W NV 

Figtre 12. Sputtering of tungsten bombarded by 

N + and by X 2 + ions as a function of ion energy ; normal 
and 45° incidences. 

12), also found the angular dependence of sput ter- 
ing more pronounced for Fe and Mo and least for 
Cu. (We recall that our differences for Cu were 
20 to 30 percent .) Furthermore, W’o liner reported 
much larger ratios of 45° to normal yields than 
those reported here; t lie Mo Tig difference at S00 
cv, for example, is about 1400 percent. This is in 
qualitative agreement with onr observation that 
the 45° to normal yield ratio increases with the 
mass of the bombarding ion. 

Comparison of N + and N 2 + yields. -Further 
examination of the data, however, reveals some 
serious difficulties in the comparison of X + with 
X 2 ' h yields. The impinging ion is neutralized on 
impact, and the neutralization energy, 15.5 cv, 
is negligible compared to the bombarding energy 
so that sputtering can be assumed to be charge- 
independent. Since, in addition, the dissociation 
energy of X 2 is 9.70 ev, one would expect, in the 


energy range under consideration, the X 2 mole- 
cule to break up on impact into two atoms, of 
about equal energy, which then might act inde- 
pendently. If this were indeed the case, sput- 
tering by X 2 + should be equivalent to sputtering 
by 2X + with the same total energ}b and there 
should be no difference in the 45° to normal yield 
ratios of X 2 + and X + . 

The total normal incidence yield for 2X" 1 " ions, 
each with 1/2 the energy of an X 2 + ion, is plotted 
together with the data for X 2 + in figure 13. The 
agreement between X 2 + and 2X + yields is excel- 
lent for the fee metals, Cu and Xi, although there 
seems to be a slight tendency for Xi-2X + to be too 
high at high energies. This may not be signifi- 
cant, in view of the maximum in the Xi-X + yield 
curve; unfortunately, Xi-X 2 + data with which to 
continue the comparison above 8 kev are not 
available. 



Figure 13. Comparison between the yields resulting 
from bombardment by N 2 + and those from 2 N + (each 
N+ with )'> the N 2 + energy); normal incidence. 
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The agreement is not at all as good in the cases 
of the bcc metals, Mo, Fc, and W. Here the 
2N + curves lie below the corresponding N 2 + 
curves at low energies, then cross over to the high 
side at the high-energy end. This behavior has 
also been noted by Gronlund and Moore (ref. 5) 
who bombarded silver (an fee metal) with various 
isotopes of atomic and molecular hydrogen. 

Three possible explanations for these discrep- 
ancies are the following. First, the assumption 
of charge-independence of sputtering may not be 
valid. (The possible significance of the electronic 
configuration of the target atoms has already been 
noted in connection with 45° to normal incidence 
yield ratios.) 

Second, it has been suggested that the initial 
ion-target collision might play the dominating 
role in the sputtering process, and since N 2 + can 
transfer more energy to a target atom in one col- 
lision than can N + , the N 2 + yields should be higher. 
It must be pointed out, however, that 2N + can 
transfer more energy than N 2 + , if one assumes a 
classical interaction. Furthermore, the initial 
momentum transferred is directed into the target, 
and only reflected momentum can cause sputtering. 
Energy and momentum-transfer theories have 
been checked for many metal-ion combinations 
by plotting sputtering yields versus energies nor- 
malized by maximum transferable energy factors, 
momentum transfer factors, and combinations of 
these with atomic heats of sublimation (refs. 9, 15, 
and 19); no valid correlations were found. Such 
plots similarly do not bring out correlations be- 
tween N + and N 2 + yields. 

A third possible explanation for the 2N + versus 
N 2 + discrepancy has been offered. The increase 
in yields at oblique incidence has been ascribed 
to a smaller depth of penetration of the particle 
into the target. If this is so, it would appear 
that- the incident particle retains its initial direc- 
tion over a significant distance. This, however, 
would not be true of the atoms from normally 
incident X 2 + ; these atoms probably have an 
oblique initial direction of motion, and hence, 
could cause more sputtering than two normal^ 
incident N + ions. 

This last hypothesis can be investigated further 
by plotting comparison curves (2X + and X 2 + ) for 
45° incidence data; it seems reasonable to assume 
that the initial motion of the atoms from 45° 
incident X 2 + is on the average at 45°, so that the 


comparison may have more validity than that for 
normal incidence. The 45° plots, shown in figure 
14, exhibit two surprising features: First, the low 
energy discrepancies are emphasized, rather than 
reduced, and even appear in copper and nickel; 
the one exception is tungsten, for which the 45° 
2N + and X 2 + curves coalesce to within experi- 
mental scatter. Second, the 2X + curves no longer 
cross to the high side of the X 2 + curves at high 
energies. These observations are in direct con- 
tradiction to our expectations, and no satisfactory 
explanations have been found. 

The threshold region. — We conclude the dis- 
cussion of the yield curves with some remarks on 
sputtering in the threshold region. The following 
definitions are important for this discussion. 
The threshold energy is, of course, the intercept 
of the yield curve with the energy axis (it is a 
difficult quantity to determine experimentally). 



Figure 14. — Comparison between the yields resulting 
from bombardment by N 2 + and those from 2 N + (each 
N + with the N 2 + energy); 45° incidence. 
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Another energy has been defined, the “cut-in” 
energy, which is the intercept of the extrapolated 
linear part of the yield curve with the energy 
axis, (Yields tend to be linear functions of 
energy in the 100 to 500 ev range.) 

Langberg (ref. 10) has given one of the best 
theoretical discussions of these energies. He takes 
into account the atomic heat of sublimation of 
the metals, the numbers and types of bonds hold- 
ing surface atoms, and the energy transferable 
from tbe ion to the lattice in the first collision. 
The interactions in the lattice are represented by 
a Morse potential. The sputtering is caused by 
a recoiling lattice atom, so that the ion enters 
only into the initial collision and the model should 
be fairly applicable to X 2 + bombardment. The 
energy taken up by dissociation would tend to 
make the observed yields lower than those pre- 
dicted by the theory. 

As predicted from Langberg’s theory, the 
threshold and cut-in energies, in ov, are as follows: 


Threshold Cut-in Threshold Cut-in 


Fe-N; 
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51. 0 

7G 

Cu -X 2 f 

15. 
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73 

Fe N 

4. 

70. G 

105 

Ou-N 4 

64. 

8 

100 

Mo-> 

^2 + 

96. 0 

NO 

Ni-Np- 

54. 

0 

88 

Alo > 


151 

220 

Ni -X* 

76. 

1 

121 

W-X 


19G 

288 

Ou- A *- 

40. 

4 

GG 

¥ X 


340 

500 





It is 

not 
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to 

draw mean in 
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strai 
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lines 
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low 

energy data 
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no 


“observed values” are quoted for comparison (it 
is not entirely (dear whether the lack of linearity 
is a real effect or an apparent one due to experi- 
mental scatter). It is quite (dear from the data, 
however, that the predicted thresholds are in- 
variably too high (see figs. 6 through 12). This is 
particularly apparent in copper and nickel, for 
which more extensive low energy data were 
obtained (fig. 7); while the theoretical thresholds 
range from 45 to 76 ov, significant amounts of 
sputtering are still present at 25 ev. 

The many discrepancies noted in the above 
discussion emphasize the need for additional 
theoretical work and experimental data. Existing 
models fail to explain many observed features of 
sputtering, although they take into account all of 
the apparently significant energy, momentum, and 
structural parameters of the ions and lattices 
involved. It is strongly suggested that the details 
of the interaction models are at fault, in particular 
the assumption of successive binary collisions. 


This assumption is usually justified for the repre- 
sentation of the large-angle deflection resulting 
from a series of small-angle and small-encrgy- 
transfer collisions, which is to say in the ease 
of weak interactions. This is not a good assump- 
tion for the sputtering process. It appears, 
therefore, that one must seek better approximate 
representations of the multibody interactions 
involved. 

THE EFFECTS OF PRESSURE, TEMPERATURE, AND BEAM 
INTENSITY 

An attempt was made at controlling inde- 
pendently the pressure in the target area, the 
target temperature, and the beam density. In 
order to achieve good control over sizable ranges 
of these parameters, one would need excess pump- 
ing capacity and an independent means of heating 
or cooling the targets. Modifications of the 
apparatus are now under way to meet these needs. 
In the meantime, however, it was found possible 
to obtain a certain amount of data over more 
limited ranges of the parameters in question. 

The target temperature was varied between 40° 
and 120° C by changing the total incident beam 
current, at tbe same time keeping the beam density 
as constant as possible by adjusting the focusing. 
Iron is the only metal for which a temperature, 
dependence of the sputtering yield was found. 
The yield lias a constant value from 120° down to 
S0° C, then drops to 80 percent of this value at 
40° C. The values presented in figure 10 corres- 
spond to the constant -value range between 80° 
and 120° C. 

The results obtained on pressure effects are 
more easily interpret able. The nitrogen pressure 
in the target chamber during bombardment was 
generally 9X10 -fi mm Tig, while the partial pres- 
sure of other gases was 4X10 -7 mm Ilg, as esti- 
mated from the residual pressure before the beam 
was turned on. The significance of this can be 
better understood in terms of the number of 
collisions per second with the targets. These arc 
shown in the following table, where it lias been as- 
sumed that oxygen constituted the bulk of the 
residual gases. 

Collisions cm -2 sec~ l 


Beam particles at 250 fua/cm* J.6X10 15 

Target chamber 

(a) av. pressure = 9X1 0~ fl mm Hg 3.G X 1 0 15 

(b) min. pressure = GX 10 6 mm Ilg 2.4X10 15 

(c) max. pressure = 6 X 10“ 5 mm Hg 2.4 X10 16 

Target chamber 0 2 

0 2 pressure •=4X I0“ 7 mm Hg 1.GX10 1 
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At the usual operating pressures, the number of 
beam and ambient nitrogen collisions per second 
with the target were of the same order while the 
collision number for oxygen was an order of magni- 
tude lower. For sputtering yields >1 atom /ion, 
it is thus improbable that- oxidation of targets 
introduced any significant errors, even in the case 
of nickel (the most likely of the metals investigated 
to form oxide coatings). 

The pressure was varied over an order of mag- 
nitude (see above table) both by choking the 
pumps and by introducing controlled oxygen and 
nitrogen leaks. For the five metals investigated, 
the yields are about 10 percent lower at 6X10“ 5 
than at 6X10 -6 mm Tig. This is quite clear even 
in the presence of the 15-percent scatter in the 
data, but no differences can be seen between the 
several methods of varying the pressure. The 
lowering observed is the same as has been reported 
by Touts, Xormand, and Harrison (ref. 1) in the 
same pressure range. 

Tt is instructive at this point to examine the 
Cu A + data shown in figure G. In all cases in 
winch the data are lower than those of the present 
experiment, the pressure was either known or sus- 
pected to be above 1X10' 4 mm Tig. The agree- 
ment between the present data and that of Welmer 
is remarkable, as the argon pressure in Wehner’s 
apparatus was above 10~ 3 mm TTg (ref. 12). The 
bombarding current densities used by Welmer, 
however, were 5 to 12 iua/cm 2 , as compared with 

0.2 to 0.5 ma/cm 2 in the present experiment. 
These observations strongly suggest that, in the 
range 10~ 6 to l(k 3 mm TTg, the lowering of yields 
is due to some surface contamination process such 
as adsorption. Between 10~ 3 and 10~ 2 mm TTg, 
mean free paths become comparable to apparatus 
dimensions, and back-diffusion of sputtered atoms 
plays an increasingly important part in lowering 
the observed sputtering yields. The number of 
collisions per second (with the target) of back- 
ground argon was an order of magnitude larger 
than that of A + collisions with the target in 
Wehncr’s apparatus. It would appear, then, that 
the elimination of adsorption effects may be due 
to local heating of the targets resulting from the 
relatively high beam density. 

It is clear from the above discussion that further 
experimentation is needed to separate clearly the 
effects of pressure, temperature, and beam density. 
It appears from the present data that no further 


variation with pressure will occur below about 
10 -r> mm Tig, but the beam density could not be 
varied over a sufficient range to chock on the effect 
of remaining adsorptions at these pressures. Tt 
must, in any case, be borne in mind that the effects 
of local heating (high beam density) can be two- 
fold: first, adsorbed gases can be driven off; and 
second, local melting and evaporation may tend 
to dominate the sputtering process. 

SUMMARY OF RESULTS 

The application of high-intensity, high- 
resolution ion-beam techniques to very low energies 
(20 ev to S kev) has proved feasible and highly 
successful in obtaining heretofore unavailable data 
under closely controlled experimental conditions. 
The first results obtained with the Ames S kv 
accelerator are sputtering yield curves of five 
metals (Cu, Ni, Fe, Mo, and W) under X + and X 2 + 
bombardment. These curves follow the* general 
pattern of a rapid rise from very low yields around 
25 ev to a plateau around 3 kev. They exhibit, in 
addition, a number of noteworthy features, sum- 
marized below together with the main derivative 
conclusions. 

1. Similarities might be expected between Cu 
and Xi as they both form fee crystals and have 
similar atomic weights and atomic heats of sub- 
limation. The only significant similarity found, 
however, was a slight downward trend appearing 
in the Cu-X + and Xi-N + y ields above approxi- 
mately 0 kev. 

2. The ratio of 45° to normal incidence yields is 
lower in Cu than in Xi. This may be due to the 
difference in their electronic configurations. Small 
angular dependencies of yields have also boon 
reported for the noble metals, Ag, Ft, and An, 
which are electronically similar to Cu. The effect 
of electronic configuration is not understood: it 
should affect total yields, hut not ratios of 45° to 
normal incidence yields. 

3. The ratios of 45° to normal incidence yields 
arc somewhat higher for the bee than for the fee 
metals, but they are much smaller than those 
reported for ITg + bombardment. Data on addi- 
tional bombarding ions are needed to determine 
whether this is simply a mass and size effect . 

4. The sputtering produced by an N 2 + ion is 
generally not the same as that of 2 N + ions with 
the same total energy, although X 2 + should 
dissociate on impact. 
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(a) At normal incidence, the N 2 + and 2N + 
yields coincide for the fee metals examined 
(Cu, Ni), but for the others (Fe, Mo, W), the 
2N + yields are too low at low energies and too 
high at high energies. 

(b) At 45° incidence, the 2N + yields are too 
low at low energies and arc cither lower than or 
equal to the N 2 + yields at higher energies. 

5. In spite of the expected similarity between 
N 2 + and N f bombardment, no correlation of 
yields is obtained, nor are the discrepancies of 
item 4 above resolved, by attempts at normalizing 
bombarding energies with combinations of energy 
transfer factors, momentum transfer factors, and 
beats of sublimation. 

6. Yields in the threshold region are con- 
siderably higher than have been predicted on the 
basis of energy transfer to the lattice, heat of 
sublimation, crystal structure, and numbers and 
types of lattice bonds. 

The principal summarizing conclusion drawn 
from the data is that classical models using binary 
collisions are inadequate to describe the sputtering 
process. This is brought out particularly by the 
dominance of the effect of electronic configuration 
over that of crystal structure (item 2) and the 
absence of simple correlations between N 2 + and 
2X + yields (items 4 and 5). There are, in addition, 
some observations which may be of practical 
importance. In particular, the yields in the 
threshold region are higher than expected, oblique 
incidence yields are higher than normal incidence 
yields, and yields are higher at low pressures or 
at locally high temperatures. 

Amks It ks karo it Center 

National Aeronautics and Space Administration 
Moffett Field, Calif., Feb . 16 , 1961 
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